Haem Nitric oxide/OXygen (H-NOX) binding domains are a family of haemoprotein sensors that are widespread in bacterial genomes, but limited information is available on their function. Legionella pneumophila is the only prokaryote found, thus far, to encode two H-NOX proteins. This paper presents data supporting a role for one of the L. pneumophila H-NOXs in the regulation of biofilm formation. In summary: (i) unmarked deletions in the hnox1 gene do not affect growth rate in liquid culture or replication in permissive macrophages; (ii) the Dhnox1 strain displays a hyper-biofilm phenotype; (iii) the gene adjacent to hnox1 is a GGDEF-EAL protein, lpg1057, and overexpression in L. pneumophila of this protein, or the well-studied diguanylate cyclase, vca0956, results in a hyper-biofilm phenotype; (iv) the Lpg1057 protein displays diguanylate cyclase activity in vitro and this activity is inhibited by the Hnox1 protein in the Fe(II)-NO ligation state, but not the Fe(II) unligated state; and (v) consistent with the Hnox1 regulation of Lpg1057, unmarked deletions of lpg1057 in the Dhnox1 background results in reversion of the hyper-biofilm phenotype back to wildtype biofilm levels. Taken together, these results suggest a role for hnox1 in regulating c-di-GMP production by lpg1057 and biofilm formation in response to NO.
Introduction
The Haem-Nitric oxide/OXygen (H-NOX) binding domain is best known as the haem domain of soluble guanylate cyclase (sGC), a mammalian nitric oxide receptor (Derbyshire and Marletta, 2009 ). However, the recent proliferation of sequenced prokaryotic genomes has revealed a widespread distribution of H-NOX domains in bacteria (Iyer et al., 2003; Karow et al., 2004; Boon et al., 2006) . All bacterial H-NOX domains expressed and characterized thus far are relatively stable in the ferrous oxidation state, bind diatomic gases, and are found adjacent to or fused to signalling proteins (Iyer et al., 2003; Karow et al., 2004; Boon et al., 2006) . These bacterial H-NOX proteins fall into at least two distinct classes based on their ligand binding characteristics and genomic context. In obligate-anaerobes, H-NOX domains are fused to methyl accepting chemotaxis proteins. In facultative aerobic bacteria, H-NOX domains are stand-alone proteins and are typically found adjacent to histidine kinases or proteins involved in c-di-GMP metabolism, such as those with GGDEF, EAL or HD-GYP domains (Iyer et al., 2003) . Biochemical characterization of prokaryotic H-NOXs has shown that the H-NOX domains from obligate anaerobes are able to bind O 2, a property conferred upon them by the presence of a distal pocket tyrosine (Karow et al., 2004; Boon et al., 2006) . H-NOX proteins from facultative aerobes lack this tyrosine and do not bind O2 (Karow et al., 2004; Boon et al., 2005; . To date, all characterized H-NOX domains bind NO tightly with a koff of~10 -3 s -1 (Boon et al., 2006) . Assuming a diffusion limited on-rate (kon) of~10 8 M -1 s -1
, which has been observed for sGC and is likely to be conserved in the prokaryotic H-NOX proteins (Stone and Marletta, 1996; Zhao et al., 1999) , the H-NOX family binds NO with picomolar affinity (Kd~10 ¥ 10 -12 M). Such tight binding suggests a potential biological function for the H-NOX as an NO receptor. If these H-NOX domains do indeed function as NO receptors, then they are tuned to sense concentrations several orders of magnitude below other characterized prokaryotic NO receptors, such as NorR, which has a nanomolar Kd for NO (D'Autreaux et al., 2008) or NsrR, which regulates gene transcription in response to low micromolar levels of NO (Heurlier et al., 2008) . Furthermore, the ability of the H-NOX proteins from facultative aerobes to not bind O2 distinguishes them from other bacterial diatomic gas sensing haem proteins that have this function Wan et al., 2009 ). Thus, a reasonable hypothesis is that prokaryotic H-NOX proteins from facultative aerobes are specific, high-affinity NO receptors that sense picomolar levels of NO and regulate cellular processes. H-NOX-mediated NO sensing pathways may allow bacterial cells to adjust or prepare for aspects of the environment that are signified by low concentrations of NO. A hypothetical analogy may be drawn to the NO signalling paradigm of mammalian vascular nitric oxide signalling; a NO generating endothelial or neuronal cell produces a non-toxic, picomolar concentration of NO, which is sensed by soluble guanylate cyclase in smooth muscle cells to cause vasodilation (Derbyshire and Marletta, 2009) . Previous work suggests that the H-NOX proteins in facultative aerobic bacteria are indeed involved in the regulation of signalling pathways. In Shewanella oneidensis, Price et al. (2007) showed that the H-NOX inhibits the activity of an adjacent histidine kinase in the NO-ligated state, but not in the ferrous unligated state. A similar mechanism of regulation has been observed for regulation of a phosphotransfer pathway by Hnox2 in Legionella pneumophila (H. K. Carlson and M. A. Marletta, unpubl. results) .
In Vibrio fischeri, the H-NOX regulates a phosphotransfer pathway that modulates the colonization efficiency of the bacteria in their consortial symbiotic association with the squid host, Euprymna scolopes. H-NOX mutant strains of V. fischeri hyper-colonize squid hosts 10-fold better than wild-type bacteria. This striking result may be explained by the upregulation of iron uptake genes in the H-NOX mutants, which gives the mutants access to parts of the squid crypts that are iron-limited and limit the growth of wild-type bacteria (Wang et al., 2010) . It may be that the V. fischeri H-NOX represses iron-uptake genes because the combination of NO and iron is toxic to the bacterium. In this way, the H-NOX responds to low levels of NO to prime the bacterial cell for higher, more toxic levels of NO.
In this report, we have focused on L. pneumophila and utilized phenotypic experiments to elucidate the role of H-NOX proteins in this organism. As L. pneumophila has two genes coding for H-NOX proteins, it provides a unique opportunity to study the roles of H-NOX proteins in regulating different types of signalling pathways (Fig. 1) . Both H-NOX proteins in L. pneumophila do not bind O 2, but do bind NO (Boon et al., 2006 and Fig. 1A) . One of the L. pneumophila H-NOX genes, lpg2459 (hnox2), is adjacent to a histidine kinase, lpg2458, and a CheY-like response regulator, lpg2457. The other H-NOX gene, lpg1056 (hnox1), is adjacent to a GGDEF-EAL protein, lpg1057 (Fig. 1B) . In the absence of clear phenotypic data, it is difficult to assign a function to CheYlike response regulators (Jenal and Galperin, 2009 ). These response regulator proteins are known to affect protein localization, function as phosphate sinks, or control chemotactic or chemokinetic responses (Jenal and Galperin, 2009 ). GGDEF-EAL proteins have a more clearly defined role. These proteins are involved in the metabolism of the bacterial second messenger, c-di-GMP, regulating biofilm formation in a number of bacterial systems (Hengge, 2009 ). There may be spatial, temporal or functional distribution within the family of GGDEF-EAL proteins, but the processes that they regulate generally lead to an effect on the transition between the biofilm-associated state of a bacterial cell and the planktonic or virulent state (Tamayo et al., 2007; Hengge, 2009) .
From a public health perspective, the mixed species biofilms that form in anthropogenic water systems are well known and important environmental reservoirs for L. pneumophila growth (Declerck et al., 2009) , and some recent studies have provided insights into biofilm formation by L. pneumophila. It has been shown that L. pneumophila biofilm formation is more robust in rich media compared with minimal media (Mampel et al., 2006) , and adheres to surfaces at 25°C better than at 37°C. At higher temperatures, L. pneumophila forms longer mycelial matlike filaments in static cultures (Piao et al., 2006) . In the environment, L. pneumophila is found in biofilms in association with other bacteria, as well as protozoa. It has been demonstrated that these interactions with other bacteria and protozoa facilitate the persistence of L. pneumophila in mixed-species biofilms (Mampel et al., 2006) . Thus far, the only genes clearly implicated in biofilm formation by L. pneumophila are fliA (Mampel et al., 2006) and the tatB/C genes (De Buck et al., 2005) . Genes involved in c-di-GMP metabolism have not been characterized in L. pneumophila.
In this paper, we present evidence that an unmarked, in-frame deletion of the L. pneumophila hnox1 gene results in a hyper-biofilm phenotype, but that neither hnox1 nor hnox2 deletions affect the virulence of L. pneumophila in either amoebae or mouse macrophage infections. Results from the biofilm assays lead us to propose that the H-NOX proteins are likely to be NO bound due to the presence of low nanomolar concentrations of NO present in the rich media used for L. pneumophila growth. In addition, we show that overexpression in L. pneumophila of Vca0956, a wellstudied diguanylate cyclase, and overexpression of Lpg1057 both result in hyper-biofilm phenotypes. We also demonstrate that the Lpg1057 protein has diguanylate cyclase activity in vitro that is inhibited by the presence of the H-NOX in the NO-ligated state. Finally, we confirm the regulation of Lpg1057 by Hnox1 in vivo through deletion of lpg1057 in the Dhnox1 background, and show that the double mutant Dhnox1 Dlpg1057 displays wild-type levels of biofilm formation. Taken together, these results suggest a role for Hnox1 as a sensitive switch, responsive to picomolar levels of NO, that regulates c-di-GMP metabolism and biofilm formation in L. pneumophila.
Results

H-NOX proteins are not required for growth in rich media (BYE), mouse macrophages or Acanthamoeba castellanii
In order to determine the functional role of the H-NOX proteins in L. pneumophila, deletions of both hnox1 (lpg1056) and hnox2 (lpg2459) as well as the double mutant, Dhnox1 Dhnox2 were made as described in the Experimental procedures. The growth kinetics of the H-NOX mutant strains was identical to that of wild-type LP02 in rich media (BYE) (Fig. S1 ), mouse macrophages (Fig. S2) or Acanthamoeba castellanii (Fig. S3 ). All strains became motile between an OD of 3.7 and 4.1, and produced the same amount of pyomelanin pigment in late post-exponential phase (Fig. S1 ).
Dhnox1 strains display a hyper-biofilm phenotype in BYE media
A logical hypothesis for the function of the Hnox1 protein is that it regulates the activity of Lpg1057, the GGDEF-EAL protein adjacent to it in the L. pneumophila genome. GGDEF-EAL proteins are implicated in c-di-GMP metabolism and the regulation of biofilm formation in a number of prokaryotes (Tamayo et al., 2007; Hengge, 2009) . In general, bacterial cells with higher levels of c-di-GMP produce more exopolysaccharides, adhere to solid surfaces more efficiently, form thicker biofilms, and are less motile and less virulent (Tamayo et al., 2007; Hengge, 2009) . However, in L. pneumophila, only three genes have been reported to regulate biofilm formation, fliA (Mampel et al., 2006) , tatB and tatC (De Buck et al., 2005) . We compared the growth and biofilm formation of L. pneumophila wild-type and H-NOX mutant strains in static cultures in BYE media. Initial observations of the strains revealed that the Dhnox1 strains consistently formed thicker biofilms. The hyper-biofilm phenotype was quantified using crystal violet staining, and this assay was used to show that strains lacking the hnox1 gene produced~40% more biofilm mass than wild-type bacteria (Fig. 2) . Complementation of the Dhnox1 strains by re-introduction of the Dhnox1 gene on a plasmid resulted in a recovery of wild-type levels of biofilm formation upon induction with IPTG (Fig. 3) . These results clearly implicate hnox1 in the regulation of biofilm formation.
Furthermore, the H-NOX proteins are likely to be NO bound due to the presence of millimolar concentrations of NO 3 -and low nanomolar concentrations of NO in the rich media used to grow L. pneumophila (Fig. S4A ). The chemistry responsible for the production of NO in BYE involves ferric iron and L-cysteine that are commonly added as supplements to support L. pneumophila growth (Fig. S4B ). Direct measurement of NO in growing static cultures of L. pneumophila was not possible. However, it is likely that the oxygen concentration in the static cultures decreases greatly below the ring of growing biofilms at the air-liquid interface. Sealed Hungate culture tubes were used to mimic the microaerobic to anaerobic environment present in static bacterial cultures, thereby providing a closed environment to trap NO. Under these conditions low nanomolar concentrations of NO were produced (Fig. S4) . Given that the H-NOX proteins likely have picomolar K ds for NO, the absence of the Hnox1 Fe(II)-NO
Fig. 2. Biofilm formation by LP02 and H-NOX mutants.
A. Optical density was measured at 600 nm (OD600) to quantify the growth of H-NOX mutant strains and LP02 in static culture in 96-well polystyrene microtitre plates. B. Biofilms were stained with crystal violet and resuspended in 95% ethanol before the absorbance at 600 nm (CV600) was measured to quantify biofilm production for hnox1 mutant and LP02 in 96-well polystyrene microtitre plates. C. Relative biofilm formation (relative CV600) at 5 days post inoculation for all strains in 96-well polystyrene microtitre plates. D. L. pneumophila was grown without shaking for 5 days in 5 ml polystyrene culture tubes, and then adherent cells (biofilms) were stained with crystal violet. *P < 0.05 for comparison of Dhnox1 and LP02. **P < 0.05 for comparison of Dhnox1 Dhnox2 and LP02. species is likely responsible for the hyper-biofilm phenotype observed in the mutant strains.
Plasmid expression of diguanylate cyclase proteins in L. pneumophila produces a hyper-biofilm phenotype, but high levels of these proteins inhibits growth
To further investigate the role of c-di-GMP in biofilm formation in L. pneumophila, the vector pMMB206-Gent (Hammer and Swanson, 1999; Molofsky and Swanson, 2003) was used to express two diguanylate cyclase proteins in L. pneumophila, Vca0956 (Tischler and Camilli, 2004) and Lpg1057. pMMB206-Gent has a Ptac promoter and is known to have leaky expression when used in L. pneumophila (Molofsky and Swanson, 2003) . Therefore, it was not surprising to find that both the pvca0956 and plpg1057 strains displayed hyper-biofilm phenotypes in the absence of IPTG (Fig. 4A) . Induction with IPTG inhibited growth of the strains, suggesting that higher levels of c-di-GMP are toxic or severely inhibitory on L. pneumophila growth (Fig. 4A) . In shaken cultures, IPTG induction of pvca0956 and plpg1057 produced more filamentous cells in early post-exponential phase than wild-type (Fig. 4B) . Also, nucleotide extracts from cultures overexpressing pvca0956 or plpg1057 had higher concentrations of c-di-GMP than vector controls (Fig. S5) . Filamentous L. pneumophila are observed in late PE phase, or in static cultures grown at 37°C in the form of mycelial mat-like biofilms (Piao et al., 2006) . These observations further support the role of higher c-di-GMP levels in biofilm formation in L. pneumophila, and support the hypothesis that Lpg1057 has dominant diguanylate cyclase activity in vivo unless it is inhibited by the Hnox1 protein.
Lpg1057 is an active diguanylate cyclase and is inhibited by Hnox1 Fe(II)-NO
To better understand the role of the Hnox1 protein in the regulation of biofilm formation, Hnox1 and Lpg1057 proteins and Vca0956, an active GGDEF domain containing protein from V. cholerae, were expressed and purified (Tischler and Camilli, 2004; Thormann et al., 2006) . We found that Lpg1057 was an active diguanylate cyclase, though over 100-fold less active than Vca0956 (Fig. 5) . The specific activity of the Lpg1057 protein preparation was estimated to be 0.04 Ϯ 0.02 nmol min -1 mg -1 based on the quantification of the 24-hour time point, but this value is likely to be a lower limit since the protein concentration had to be estimated (~50% pure). If Hnox1 is acting as a NO responsive switch to regulate Lpg1057 in vivo, then it should alter the production of c-di-GMP by the Lpg1057 protein in vitro. Hnox1 Fe(II)-NO inhibited the formation of c-di-GMP by Lpg1057, but Hnox1 Fe(II) unligated had no effect (Fig. 6 ). Unfortunately, due to the low activity of the Lpg1057 protein, 24-hour reaction times were required to see quantifiable c-di-GMP in these assays. The low diguanylate cyclase activity of Lpg1057 may be due to the presence of a c-di-GMP phosphodiesterase, EAL, domain. However, phosphodiesterase assays did not reveal any measurable phosphodiesterase activity (data not shown). Furthermore, the Lpg1057 EAL domain has non-conservative mutations in a conserved active site loop that may render this domain catalytically inactive (Rao et al., 2009) . The low activity of Lpg1057 limits further conclusions. However, given the slow growth rate of L. pneumophila and the potential for c-di-GMP signalling pathways to be spatially or temporally located (Hengge, 2009) , this low activity may be sufficient to Fig. 3 . Complementation of hyper-biofilm phenotype in hnox1 mutants. Biofilms were stained with crystal violet, then resuspended in 95% ethanol, and the absorbance at 600 nm (CV600) was measured. Relative CV600 staining is shown for wild-type and mutant strains harbouring the pMMB206-GENT vector, and the phnox1 vector with and without IPTG induction. Biofilm formation was quantified in 96-well polystyrene microtitre plates (bars), and shown visually in 5 ml polystyrene culture tubes (lower image) at 3 days post inoculation. *P < 0.05 for comparison of Dhnox1 or Dhnox1 Dhnox2/pDhnox1 and LP02. **P < 0.05 for comparison of uninduced and induced Dhnox1/pDhnox1 or Dhnox1 Dhnox2/pDhnox1. Induction of the phnox1 plasmid in LP02 had no effect on biofilm formation (data not shown). Fig. 4 . Effect of diguanylate cyclase protein expression on L. pneumophila biofilm formation. Growth of static cultures was monitored by measuring the optical density at 600 nm (OD600). Biofilms were stained with crystal violet and resuspended in 95% ethanol before the absorbance at 600 nm (CV600) was measured. A. The relative CV600 and relative OD600 of static cultures in 96-well polystyrene microtitre plates at 5 days post-inoculation for LP02 harbouring pMMB206-GENT pvca0956 or plpg1057. B. 40¥ magnification images of post-exponential (OD600 = 4.0) L. pneumophila grown in liquid cultures with shaking and 100 mM IPTG induction. LP02 harbouring the pMMB206-GENT vector forms coccoid, motile cells in post-exponential phase, but Vca0956 and Lpg1057 induce filamentous morphology. **P < 0.05 for CV600 comparison of LP02 harbouring the empty pMMB-206-GENT vector with LP02 harbouring pvca0956 or plpg1057. *P < 0.05 for OD600 comparison of LP02 harbouring the empty pMMB-206-GENT vector with LP02 harbouring pvca0956 or plpg1057. explain the hyper-biofilm phenotype of the Dhnox1 strains. Furthermore, the comparison with the highly active Vca0956 may be misleading. Nucleotide extracts from L. pneumophila strains overexpressing Vca0956 had higher concentrations of c-di-GMP compared with strains overexpressing Lpg1057 (Fig. S5 ).
Dlpg1057 strains display wild-type biofilm growth
We hypothesized that the hyper-biofilm phenotype observed in the Dhnox1 strains was due to a lack of inhibition of the diguanylate cyclase activity of Lpg1057 by the H-NOX. To gather support for this hypothesis, deletions of the lpg1057 gene in the Dhnox1 background were made. We found, as expected, that the deletion of the lpg1057 gene reversed the hyper-biofilm phenotype of the hnox1 mutants (Fig. 7) . This finding clearly demonstrates that Lpg1057 is part of the Hnox1 signalling pathway.
Discussion
Legionella H-NOX proteins are highly sensitive, specific NO sensors
Previous studies have found that the H-NOX domains from facultative aerobic bacteria do not form an O2 complex, including the two H-NOX proteins from L. pneu- A. 1D TLC analysis of GTP turnover to c-di-GMP by Lpg1057. Lpg1057 (~1 mM) in the presence of Hnox1 (50 mM) in the Fe(II)-NO or Fe(II) unligated states was incubated in sealed anaerobic vials with 500 mM GTP and 10 mCi GTPa 32 P for 24 h at 25°C and then treated with CIP. Arrows indicate the c-di-GMP spot. Spectral analysis of identical reactions without radioactive GTP revealed that less than 10% of the Fe(II) protein was oxidized after 24 h in the sealed vials, and the Fe(II)-NO complex was stable. B. Relative c-di-GMP production for the Lpg1057 protein alone or in the presence of the Hnox1 Fe(II)-NO or Hnox1 Fe(II). The intensity of the c-di-GMP spots in the phosphorimage were quantified using ImageQuant software (Molecular Dynamics). The error bars represent average values obtained from three independent experiments. *P < 0.05 for comparison of c-di-GMP production of Lpg1057 with Lpg1057 + Hnox1 Fe(II)NO. strains. Biofilms were stained with crystal violet, then resuspended in 95% ethanol, and the absorbance at 600 nm (CV600) was measured. Relative CV600 was quantified for 96-well polystyrene microtitre plates (top), and shown visually for crystal violet stained 5 ml polystyrene culture tubes for wild-type LP02 and mutants in the hnox1 signalling pathway at 5 days post-inoculation (bottom). *P < 0.05 for comparison of LP02 with Dhnox1. **P < 0.05 for comparison of Dhnox1 with Dhnox1 Dlpg1057. mophila (Karow et al., 2004; Boon et al., 2006) . In contrast, the H-NOX domains from obligate anaerobes form stable and tight complexes with O2, a property conferred upon them by the presence of a distal pocket tyrosine (Boon et al., 2005) . The non-O2 binding H-NOX domains are distinctive among haem proteins in their ability to bind NO with high affinity in the presence of much higher concentrations of oxygen. The L. pneumophila Hnox1 protein involved in the biofilm phenotype reported here has a koff of~10 -3 s -1 at 20°C (Boon et al., 2006) , and assuming a nearly diffusion limited kon of 4.5 ¥ 10 8 M -1 s -1 at 20°C (Stone and Marletta, 1996; Zhao et al., 1999) , the Kd would be in the picomolar range. This high affinity Kd suggests that the H-NOX is likely to be NO bound in the rich media used for L. pneumophila. The media contains millimolar concentrations of NO3 -, and low nanomolar concentrations of NO produced by the iron and L-cysteine dependent, heat-catalysed, inorganic decomposition of the NO3
- (Fig. S4) . Therefore, any phenotypes observed in the mutant strains grown in rich media are likely due to the absence of the H-NOX Fe(II)-NO species. L. pneumophila H-NOX proteins, like all H-NOX domains, also bind CO and can be oxidized. However, in previous studies, CO-bound H-NOX domains were found to have a much weaker effect on the regulation of other protein domains compared with NO bound H-NOX (Price et al., 2007; Derbyshire and Marletta, 2009 ). Furthermore, L. pneumophila does not possess the CO dehydrogenase that has been shown to be responsible for CO production in other bacteria (Roberts et al., 2004) . Although the H-NOX domain from S. oneidensis inhibits its associated kinase in the Fe(III) state, it is likely that H-NOX domains are in the Fe(II) state in the reducing environment of the bacterial cell (Price et al., 2007) . It is more likely that proteins such as OxyR, which is present in L. pneumophila, are responsible for sensing oxidative stress (Christman et al., 1989; LeBlanc et al., 2008) .
Legionella pneumophila could be exposed to NO in a number of ways. Both eukaryotic and bacterial cells produce NO through the action of nitric oxide synthase (NOS) (Shatalin et al., 2008; Agapie et al., 2009; Sudhamsu and Crane, 2009 ). Denitrifying bacteria also produce NO as an intermediate of this process (Corker and Poole, 2003; Bedmar et al., 2005; Rodionov et al., 2005) , but NO 3 -can also be chemically reduced by Fe(II) in the presence of catalytic amounts of other transition metals, such as Cu(II) (Ottley et al., 1997) . The chemical reduction of NO3
-is rapid at high temperatures and pressures, and is an important nitrogen sink and likely NO source in extreme environments, such as hydrothermal vents or the early earth (Brandes et al., 1998) . In fact, it has been proposed that NO was the first biological terminal electron sink to emerge on the earth before the appearance of molecular oxygen (Ducluzeau et al., 2009) . The photolysis of NO 3 -to NO2 -to NO is another an important abiotic source of NO, and this process is at least partly responsible for the halo of low nanomolar NO levels that encircles the planet at the bottom of the photic zone in the oceans (Zafiriou et al., 1980) . Bacteria with H-NOX proteins are found in all of these environments, and the H-NOX may be regulating biofilm formation in response to NO in these environments.
Deletions of L. pneumophila hnox genes do not affect growth in liquid culture or phagocytes
A well-studied part of the L. pneumophila cell cycle is the transition from the replicative phase during exponential growth in liquid culture or phagocytes to the transmissive phase during post-exponential, stationary growth. This transition is regulated by a ppGpp alarmone response to starvation conditions and involves a number of well-studied regulatory genes such as csrA, letA and fliA (Byrne and Swanson, 1998; Hammer and Swanson, 1999; Molofsky and Swanson, 2004) . If the H-NOX were regulating any of these genes, it would likely have affected the virulence of the mutant strains, but we did not observe virulence phenotypes for the H-NOX mutants (Fig. S2, Fig. S3) .
A few studies have focused on the potential role for NO in L. pneumophila infections. As an intracellular pathogen, L. pneumophila potentially encounters toxic levels of immune-derived NO since iNOS is induced in L. pneumophila infected macrophages (Heath et al., 1996) . However, the addition of iNOS inhibitors to permissive A/J macrophages infected with L. pneumophila had little effect on the intracellular growth of the bacteria (Gebran et al., 1994; Yamamoto et al., 1996) . In L. pneumophila infected A/J mice, however, the NOS inhibitor, N-methyl-L-arginine, diminished the ability of the mice to clear the bacteria (Brieland et al., 1995) . Hence, although NO may not be directly involved in killing intracellular bacteria, it may play a role in the immune response to Legionella. NO is clearly toxic to L. pneumophila, and it would be interesting to know if L. pneumophila strains with deletions in the nsrR gene (Rodionov et al., 2005) or the genes coding for NO reductases (Rodionov et al., 2005) are deficient in replication within macrophages or amoebae.
L. pneumophila H-NOX proteins are NO sensitive switches that regulate biofilm formation
Regulation of biofilm attachment, detachment and growth by changes in the concentration of diatomic gases such as NO or O 2 has been observed in several bacteria (Thormann et al., 2005; Barraud et al., 2006; 2009) . c-di-GMP metabolism is well established as a regulator of biofilm formation (Tamayo et al., 2007; Hengge, 2009) , and it has H-NOX regulation of biofilms 937 been proposed that protein domains involved in sensing diatomic gases act as in vivo switches to regulate domains involved in c-di-GMP metabolism Wan et al., 2009) .
Microarrays show that the L. pneumophila H-NOX genes are upregulated alongside the other proteins in their predicted operons in transmissive phase, as are many other proteins involved in virulence (Bruggemann et al., 2006) . Also upregulated in transmissive phase are proteins involved in c-di-GMP metabolism (Bruggemann et al., 2006) . These results suggest that more developmental checkpoints guiding the decision to form a biofilm or to infect phagocytes may exist in transmissive phase, rather than replicative. In support of this hypothesis, several studies show that transmissive phase L. pneumophila in static cultures adhere to solid surfaces in the initial phase of biofilm attachment better than replicative phase L. pneumophila (Hindre et al., 2008) .
Some haem-containing diatomic gas sensors have been shown to regulate diguanylate cyclase and phosphodiesterase domains, but these proteins bind both NO and O 2 and their activity is affected by both ligands Wan et al., 2009) . However, the L. pneumophila H-NOX protein does not bind O2; thus, NO is the most likely physiological ligand. Hence, this study is the first to describe a biofilm phenotype that implicates both a diatomic gas sensor that does not bind O2, the Hnox1, and a protein involved in c-di-GMP metabolism, Lpg1057.
Relatively few L. pneumophila mutant strains are reported to have a biofilm phenotype. To date, only fliA mutants and tatB/C mutants have been shown to have defects in biofilm formation (De Buck et al., 2005; Hindre et al., 2008) . Microarrays suggest that genes involved in the response to oxidative stress and iron uptake are upregulated in biofilms (Hindre et al., 2008) , and supplementation of static cultures with excess iron has been shown to inhibit biofilm formation (Hindre et al., 2008) . It is highly likely that mutations in many of the genes involved in the metabolism of c-di-GMP will display biofilm phenotypes, but no other studies have analysed the role of these genes in L. pneumophila.
The results presented in this paper suggest that the Hnox1 protein regulates biofilm formation in response to NO by altering the c-di-GMP production activity of the Lpg1057 protein (Fig. 8) . This is the first report of biofilm formation being regulated by c-di-GMP in L. pneumophila. Future studies will focus on the role of H-NOX proteins in the regulation of biofilm formation in other bacteria, and how the H-NOX domains may work in concert with other diatomic gas sensor proteins to allow L. pneumophila to persist and survive in environments with varying concentrations of NO.
Experimental procedures
Bacterial strains, culture conditions, and reagents LP02 is a streptomycin-resistant thymidine auxotroph derived from LP01. All mutant strains were made in the LP02 background. L. pneumophila was grown on ACES buffered yeast extract (BYE) charcoal agar plates (BCYE) supplemented with 0.1 g l -1 thymidine, 0.4 g l -1 L-cysteine and 0.135 g l -1 ferric nitrate. Liquid cultures in BYE with supplements were inoculated with patches of L. pneumophila strains. Antibiotics were added to BCYE plates or liquid BYE, when needed at the following concentrations: streptomycin 100 mg ml -1 , kanamycin, 25 mg ml -1 , and gentamicin, 10 mg ml -1 . The optical density at 600 nm (OD600) of cultures was measured by diluting the cultures 10-fold in BYE in 1 cm plastic cuvettes and reading the OD600 with an Ultraspec 100 cell density reader (Amersham Biosciences). An OD600 of 3 represents approximately 10 9 bacteria·per millilitre.
Mutant strain construction
Unmarked in-frame deletions in the genes coding for the two H-NOX proteins and the GGDEF-EAL protein were constructed using previously published methods (Merriam et al., 1997; Ren et al., 2006) . Briefly, the flanking regions of the genes to be deleted were cloned into the vector pSR47S and transformed into DH5a lpir E. coli. For matings, patches of L. pneumophila were mixed with the mating strain containing Hnox1 protein inhibits the diguanylate cyclase activity of Lpg1057 in response to NO, leading to lower c-di-GMP levels and less biofilm formation. Dhnox1 strains produce more biofilms because c-di-GMP production by Lpg1057 protein is no longer inhibited by Hnox1.
the knock-out vector and the helper strain 2174. Matings were spread on BCYE plates containing 100 mg ml -1 streptomycin and 25 mg ml -1 kanamycin to select for the first crossover event. The second cross-over event was selected for on BCYE plates containing 100 mg ml -1 streptomycin and 6% sucrose. Colonies that did not grow when patched onto BCYE plates containing 25 mg ml -1 kanamycin were deletion candidates. These candidates were confirmed by PCR and sequenced with primers flanking the gene of interest to verify the presence of clean in-frame deletions. Multiple isolates of each mutant strain were tested to confirm the phenotypes reported in this paper.
Strains and plasmids
Strains and plasmids are listed in Table 1 . Oligonucleotide primers are listed in Table S1 . A detailed description of cloning techniques is described in Appendix S1.
L. pneumophila biofilm formation assay
Legionella pneumophila biofilms were generated as described previously with slight modifications (Mampel et al., 2006; Hindre et al., 2008) . Overnight cultures of L. pneumophila in exponential phase (OD600 = 3) were diluted 10¥ into a final volume of 200 ml fresh BYE in 96-well polystyrene microtitre plates (Costar). Biofilm formation was induced by placing the microtitre plates containing bacteria into a 30°C incubator and growing static cultures for between 1 and 7 days. Alternatively, 5 ml polystyrene culture tubes were inoculated with 10¥ dilutions of OD600 = 3 bacteria and grown for between 1 and 7 days at 30°C.
Quantification of L. pneumophila biofilm formation
Legionella pneumophila biofilm formation was quantified essentially as described previously (Mampel et al., 2006; Hindre et al., 2008) . The optical density of static cultures in the 96-well microplates was determined by reading OD600 on a SpectraMax M2 optical plate reader (Molecular Dynamics). At the indicated timepoints, the planktonic bacteria were removed and the plate was washed twice with 200 ml BYE per well. Crystal violet (0.3%; 200 ml) was then added to the wells for 10 min to stain the biofilms. The excess crystal violet was removed and the wells were washed 3 times with 200 ml water. To quantify biofilm formation, 200 ml of ethanol was added to the wells to resuspend the biofilms and the OD600 of each well was read on the plate reader. Two-tailed Student's t-tests were used to analyse the data. P-values of < 0.05 were considered significant. Expression and purification of Hnox1, Lpg1057, and Vca0956 proteins Legionella pneumophila Hnox1 (Lpg1056) and GGDEF-EAL protein (Lpg1057) were cloned out of genomic DNA, and ligated into the pET-20b(+) expression vector (Invitrogen) cut with NcoI and XbaI restriction enzymes (NEB), and then transformed into E. coli DH5a. Positive transformants of all constructs were screened for on LB plates containing 100 mg ml -1 ampicillin, and the DNA sequences were confirmed by sequencing (Elim Biopharmaceuticals). All proteins were expressed as follows: E. coli BL21(DE3)pLysS cells containing the appropriate plasmid were grown at 37°C to an OD600 of 0.6-0.9, induced with 10 mM IPTG, and grown for 16-18 h at 25°C. Cells were harvested by centrifugation at 7000 r.p.m. (6370 g) for 15 min in an Avanti J20I centrifuge with a JLA 8.1 rotor (Beckman), resuspended in lysis buffer [100 mM sodium phosphate, 250 mM NaCl, 5% glycerol, 20 mM imidazole, 1 mM Pefabloc (Roche), pH 7.9] and lysed with a high-pressure homogenizer (Avestin). Lysate was clarified by centrifugation at 42 000 r.p.m. (200 000 g) for 1 h in an Optima Xl-100K ultracentrifuge with a Ti-45 rotor (Beckman) prior to loading on Ni-NTA agarose resin (Qiagen). The Ni-NTA resin was washed with lysis buffer and eluted with elution buffer (250 mM imidazole in 100 mM sodium phosphate, 250 mM NaCl, 5% glycerol, pH 7.9). For Hnox1, gel filtration chromatography with a S200 26/60 HiLoad Resin column (Pharmacia Biotech) connected to a Biologic HR FPLC was used for further purification. The gel filtration column was equilibrated and run in 50 mM TEA, 50 mM NaCl, 5% glycerol, pH 7.5 buffer. Hnox1 was > 95% pure for assays, as determined by SDS-PAGE and Coomassie staining. The diguanylate cyclases used in the assays were approximately 50% pure as assessed by Coomassie staining. Protein concentrations were determined by the Bradford method.
Spectral analysis of Hnox1 and preparation of Fe(II) and Fe(II)-NO
Purified H-NOX protein was desalted into the spectral buffer (50 mM TEA, 50 mM NaCl, pH 7.5) using a PD-10 desalting column (GE Healthcare) in an anaerobic glove bag. The protein was then oxidized with 20-fold molar excess of potassium ferricyanide, and desalted to give the oxidized protein.
Oxidized protein was reduced with a 50-fold excess of sodium dithionite, and desalted to give the ferrous unligated species, H-NOX Fe(II)-NO was added by providing a 10-fold excess of DEA-NONOate (Cayman Chemical) to the reduced protein preparation, and the protein was desalted to give the ferrous nitrosyl complex, H-NOX Fe(II)-NO. The H-NOX spectra were recorded on a Cary 3E spectrophotometer at 20°C.
In vitro diguanylate cyclase assays
The activity assay for the GGDEF-EAL protein adjacent to the H-NOX for the formation or degradation of c-di-GMP was done as reported (Tamayo et al., 2005) with some modifications. Due to difficulties in obtaining pure Lpg1057, protein that was approximately 50% pure was used in this assay. For diguanylate cyclase assays, Vca0956 or Lpg1057 (~1 mM) were incubated with 500 mM GTP and 10 mCi GTPa 32 P for 24 h at 25°C. Products were treated with calf intestine alkaline phosphatase (CIP) (New England Biolabs) for 2 h. Nucleotides were separated from protein with a 10K MWCO spin filter and spotted onto PEI-cellulose TLC plates. For 2D TLCs, the plates were developed first with 0.2 M NH4HCO3, pH 7.5 and then with 1.5 M KH2PO4, pH 4. For 1D TLCs, the plates were developed with 1.5 M KH2PO4, pH 4. Developed TLC plates were exposed to a phosphorimager plates (Molecular Dynamics) and imaged with a Typhoon (Molecular Dynamics), and the intensity of the spots was quantified using ImageQuant software (Molecular Dynamics).
For assays with H-NOX proteins,~1 mM Lpg1057 and 50 mM Hnox1 were mixed in an anaerobic glove bag (Coy) in sealed vials. A small volume of aerobic GTP was added with a gas-tight syringe (Hamilton) to give a final concentration, 500 mM GTP and 10 mCi GTPa 32 P, and timepoints were removed with the gas-tight syringe between 0 and 24 h at 25°C. Control vials in which no radioactive GTP was added were also prepared, and spectral analysis of the Hnox1 with a Cary 3E spectrophotometer revealed that less than 10% of the total Hnox1 Fe(II) was oxidized after overnight reactions, and the Hnox1 Fe(II)-NO complex was completely intact.
